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Office of the Chief of Engineers 
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ENGINEERING AND DESIGN 
Stability of Earth and Rock-Fill Dams 

1. Purpose. This manual establishes procedures for analyzing the stabil- 

ity of earth and rock-fill dams. 

2. Criteria are presented for (a) types of strength tests to be used, Scope. 

(b) conditions requiring analysis, and (c) minimum acceptable safety factors. 

Methods for computing embankment stability are described and illustrated by 

examples in the appendixes. The methods of this manual are approved 

methods, but this does not prohibit the use of the Swedish slide method 

(method of slices, Case (c)) given in Appendix D of WES Technical Report 

No. 3-777 (ref 1) if the factors of safety given in table I, page 25, are used. 

Minimum requirements are given, but special tests or design analyses that 

may be required are not included. 

3. Applicability. This manual is applicable to all Corps of Engineers Divi- 

sions and Districts having civil works functions. It is applicable to stability 

analyses for dikes, levees, and highway fills, as well as for earth and rock- 

fill dams. 

4. References. a. EM IiiO-2-2300. Types of earth and rock-fill dams, 

factors ihfluencing selection of cross section, zoning, and material utiliza- 

tion, and general design criteria that must be satisfied to provide stability 

during all phases of construction and reservoir operation are described in 

EM liiO-2-2300, Earth and Rock-Fill Dams, General Design and Construc- 

tion Considerations (issued in draft form September 1969). 

b. Other Engineer Manuals. The following manuals also relate to use 

and design of earth and rock-fill dams and should be referred to for criteria 

other than stability: 

EM iiiO-i-1801 Geological Investigations (November 1960) 

This manual rescinds EM 1iiO-2-1805, 21 July 1964, and EM 1110-2-1902, 
27 Dee 1960. 
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EM 1110-2-1802 Geophysical Explorations (September 1948) 

EM I 1iO-2- 1803 Subsurface Investigations--Soils (March 1954) 

EM 1110-2-1901 Seepage Control (February 4952) 

EM 1110-2-1904 Settlement Analysis (January 1953) 

EM iiiO-2-1906 Laboratory Soils Testing (10 May 1965) 

EM 1110-2-2902 Conduits, Culverts and Pipes (3 March 1969) 

Where the above-listed references and this manual do not agree, the proA- 

sion of this manual shall govern. 

c. Selected References. Selected references are cited herein and are 

designated by superscript numbers; these numbers correspond to similarly 

numbered references in Appendix I. 

5. Notation. Symbols used in this manual are listed and defined in Ap- 

pendix II. The majority of them correspond to those recommended by the 

Committee on Glosstiry of Terms and Definitions of the Soil Mechanics and 

Foundations Division, American Society of Civil Engineers.2 

6. Basic Design Considerations. a. The stability of an embankment must 

be evaluated for construction and operating conditions utilizing expected in 

situ engineering properties of the foundation and embankment materials and 

pertinent geologic information. When determining and selecting engineering 

properties of proposed embankment materials, consideration must be given 

to (1) possible variation in borrow materials, (2) natural water contents of 

borrow materials, (3) variations in placement rate and methods, (4) climatic 

conditions, and (5) inevitable variations in placement water contents and 

compacted densities that must be expected with normal construction control. 

The decrease in friction angle of granular embankment and foundation ma- 

terials under high confining stresses must be considered for high dams.3 

b. Other factors that must be accounted for in establishing design 

values, but which can be evaluated only through exercise of engineering 

judgment, include (1) the effect of differential settlements where embank- 

ments are located on compressible foundations or in narrow, deep valleys, 

and (2) compatibility of strain characteristics within the embankment and of 

2 
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the embankment with the foundation. The stability analyses presented in this .b-- 

manual assume that design strengths are mobilized simultaneously in all 

materials along assumed sliding surfaces. 

C. Geologic information that should be considered includes (i) ground- 

water and seepage conditions; (2) lithology, stratigraphy, and geologic de- 

tails disclosed by borings and geologic interpretation; (3) maximum past 

overburden at site as deduced from geological evidence; (4) structure, in- 

cluding bedding, folding (amount, open, closed, etc.), and faulting; (5) alter- 

ation of materials by faulting; (6) joints and joint systems; (7) weathering; 

(8) slickensides; and (9) field evidence relating to slides, earthquake activity, 

movement along existing faults, and tension jointing. 

d. The results of stability analyses afford a means for comparing rel- 

ative merits of trial cross sections during design and for evaluating the ef- 

fects of changes in assumed embankment and foundation material properties 

during and after construction. The value of stability analyses depends on the 

validity of assumed design shear strengths, and results should be reviewed 

for compatibility with analyses for similar structures where construction 

and operating experiences are known. 

e. The design procedures described herein utilize effective stresses 

where pore water pressures can be satisfactorily predicted, and total 

stresses for all other cases. In general, effective normal stresses are used 

to evaluate (1) partial pool and steady seepage conditions, (2) stability during 

and after construction where piezometer observations are available, and 

(3) the stability of existing dams when foundation and embankment have be- 

come fully consolidated and no excess pore pressures exist. Total normal 

stresses are used in designing for construction and, in a general sense, for 

rapid drawdown and earthquake conditions. 

7. Causes of Unsatisfactory Embankment Performance. 

a. Shear Failure. A failure in which a portion of an embankment or of 

an embankment and foundation moves by sliding or rotation relative to the 

remainder of the mass is designated as a shear failure. A shear failure is 

3 
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COnVentiOnally represented as occurring along a surface and is so assumed 

in stability analyses, although shearing may occur in a zone of substantial 

thickness. The failure surface in relatively homogeneous embankments and 

in soil foundations consisting of thick, fine-grained deposits may be approxi- 

mately represented by a circular arc. Where zoned embankments or thin 

foundation layers overlying bedrock are involved or where a weak stratum 

exists within a thick, fine-grained deposit, the failure surface may more 

nearly approximate a combination of interconnected arcs and planes or 

several interconnected plane surfaces. 

b. Excessive Deformation. Some cohesive soils, especially those 

compacted on the wet side of optimum water content, require relatively large 

strains to develop given levels of shear resistance. Even when compacted 

slightly dry of optimum water content and to densities equal to or slightly 

greater than standard maximum, relatively large strains may develop in 

such materials. As a consequence, when these soils are placed in an em- 

bankment they may deform excessively and create high pore water pressures 

as additional fill is placed. During the design study, particular attention 

should be given to the shape of the stress-strain curves for soils to be used 

in an embankment and existing in the foundation. When Q and R strength 

tests show peak shear strengths at high strains or have not peaked at 45 per- 

cent strain, it may be necessary to (1) limit average placement water con- 

tents to slightly on the dry side of optimum, or (2) use conservative values 

for design shear strengths. However, excessive settlement may occur if the 

soil is compacted too dry and then becomes saturated. Excessive embank- 

ment deformation may also result from consolidation of the foundation, espe- 

cially where large differential settlements will occur. Shear deformations in 

the foundation may be high under these conditions and also where the peak 

strengths in the foundation are mobilized at large strains Surface move- 

ment indicators and piezometers should be installed to detect excessive de- 

formation and excessive pore water pressure so that the rate of placement 

of fill can be controlled. 
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C. Liquefaction. The phenomenon of liquefaction of loose, saturated b- 

sands, sensitive silts, and quick clays is of major concern, and may occur 

when such materials are subjected to shear deformations or earthquake 

shocks. The possibility of liquefaction must presently be evaluated on the 

basis of empirical knowledge4 supplemented by special laboratory tests 5 
and 

engineering judgment. Sands having a relative density equal to or greater 

than 70 percent are believed to be not susceptible to liquefaction. However, 

for cohesionless materials in embankment fills and drainage zones, an aver- 

age relative density of 85 percent is required to minimize embankment 

settlement, or the danger of piping, and to provide adequate shear strength. 

8. Special Problems. Certain soil types and potential failure conditions 

present unusual problems requiring more comprehensive stability investiga- 

tions than those described in this manual. Some of these problems are 

briefly discussed below. 

a. Progressive Failure. (1) Because of nonuniform stress distribu- 

tion in potential failure zones, relatively large strains may develop in some 

areas and peak strengths may be reached progressively, so that the total 

shear resistance will be less than if the peak strength is mobilized simul- 

taneously along the entire failure surface. Where the stress-strain curve 

for a soil exhibits a significant drop in shear stress after peak stresses are 

reached, the possibility of progressive failure is increased, and the use of 

peak shear strengths in stability analyses would be unconservative. POS- 

sible solutions are to increase the safety factor or to use shear strengths 

that are less than peak strengths. In certain soils, it may even be necessary 

to use ultimate shear strengths. 

(2) Where embankments are constructed on foundations consisting of 

brittle, highly plastic, or heavily overconsolidated clays, or clay shales hav- 

ing stress-strain characteristics significantly different from those of the em- 

bankment, consideration should be given to (a) increasing the safety factor 

over the minimums required in table I (page 25), (b) using shear strengths 

for the embankment at strains comparable to those in the foundation, or 

5 
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(c) using ultimate shear strengths of the foundation soils. 

(3) progressive failure also may start along tension cracks resulting 

from longitudinal or transverse differential settlements occurring during or 

subsequent to construction or from shrinkage caused by drying. The maxi- 

mum depth of cracking, assuming an infinite slope, can be estimated from 

the equation v tan (45 + 3 with the limitation that the maximum depth as- 

sumed does not exceed 0.5 times the slope height. Shear resistance along 

the crack should be ignored and the crack assumed to be filled with water 

in all stability analyses for embankments where this condition is expected. 

b. Problem Shales. (1) Shales may be divided into two broad groups: 

(a) clay shales (compaction shales) that have been consolidated by the weight 

of overlying sediments and lack significant strength from cementation and 

(b) cemented shales that have substantial strength produced by calcareous, 

siliceous, or other types of deposits, or in which particle bonding has oc- 

curred because of heat and pressure. Clay shales usually slake rapidly into 

noncohering fine particles when subjected to a few cycles of wetting and dry- 

ing, whereas cemented shales are usually either unaffected or reduced to 

small pieces. 

(2) Foundation problems have been encountered more frequently in clay 

shales than in cemented shales. Clay shales, particularly those containing 

montmorillonite, are highly susceptible to expansion and consequent loss of 

strength upon unloading and/or exposure to weathering. The shear strength 

and deformation modulus of clay shales may be quite low, even under unal- 

tered in situ conditions, and high pore water pressures may develop under 

increase in load with soil properties approaching those of clays. The 

presence of slickensides in clay shales is usually an indication of low shear 

strengths. Prediction of the field behavior of clay shales should not be based 

solely on results of conventional laboratory tests, since they may be mis- 

leading, and large-scale field tests may be required. Existence of problem 

clay shales can be determined by (a) observation of slide areas through 

aerial or ground reconnaissance, (b) presence of slickensides, (c) presence 

8b(2) 6 
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of bentonite layers, (d) comparison of Atterberg liquid and plastic limits with *- 

natural water contents, and (e) clay mineralogical tests. 

(3) All types of shales may present foundation problems where they con- 

tain joints, slickensides, faults, seams filled with soft material, and weak 

layers. Such defects and excess pore water pressures may control the over- 

all strength of the mass. A detailed geologic investigation is essential 

wherever shales are encountered. In addition, special laboratory tests may 

be required to determine physical properties such as shear strength and 

pore water pressure. 

C. Rate of Fill Placement. (1) Foundations. Construction of em- 

bankments on silt, clay, or clay shale foundations may create excessive pore 

water pressures and significant deformations. Instruments should be in- 

stalled to measure horizontal and vertical movements and pore water pres- 

sures occurring during construction. Analyses of such observations, judg- 

ment, and past experience are used to control the rate of fill placement 

(Appendix VIII). 

(2) Embankments. Excessive pore water pressures and deformations 

may also occur in embankments where impervious soils are placed at water 

contents greater than optimum. Some soils may develop high pore water 

pressures and deform excessively even when placed at water contents 

slightly dry of optimum. Observations of horizontal and vertical movements 

and of pore water pressures during construction can provide data that may be 

used to control the rate of fill placement. In some cases except on weak, 

plastic foundations it may be necessary to limit placement water contents of 

semipervious material in the outer shells of embankments to the dry side of 

optimum while placing the core material slightly’ wet of optimum water 

content. 

9. Design Shear Strengths. a. Laboratory Tests. (1) Shear strength 

values used in stability analyses are generally determined from laboratory 

tests performed under three conditions of test specimen drainage. Tests 

corresponding to these drainage conditions are (a) Q tests in which the water 

7 
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content is.kept constant during the test, (b) R tests in which consolidation or 

swelling 1s allowed under initial stress conditions but the water content is 

kept constant during application of shearing stresses, and (c) S tests in 

which full consolidation or swelling is permitted under the initial stress.con- 

ditions and also for each increment of load during shear. Q, R, and S 

tests will be conducted on each representative soil for which design shear 

strengths are needed. However, Q tests are generally not required for rel- 

atively free-draining soils unless they occur in the foundation in a very 

loose condition. The test conditions designated by the letters Q, R, and S 

provide limiting shear strength values corresponding to various prototype 

loading and drainage conditions. 

(2) Normally, all strength tests will be made with triaxial compression 

apparatus except for S tests on fine-grained soils, which usually are tested 

with direct shear apparatus. Where impervious soils contain significant 

quantities of gravel sizes, S tests should be performed in triaxial compres- 

sion apparatus using large-diameter specimens. 

(3) Molding water contents used in preparing strength test specimens 

of cohesive soils should correspond to standard optimum water content and 

to expected maximum and minimum field placement water contents. The 

compaction effort applied should result in the estimated minimum allowable 

placement density (such as 95 or 97 percent of standard maximum density). 

Test specimens should also be prepared at optimum water content and com- 

pacted to 103 percent standard maximum dry density. These minimum re- 

quirements, which are illustrated graphically in- figure ‘1, are intended to 

determine the variation in shear strength for expected placement conditions. 

However, it may be necessary to test additional specimens within the zone 

of expected placement conditions as shown in figure 1. For dams having 
. 

narrow central cores and shells of gravel or rock, the shear strength of the 

impervious core materials is less important in the stability analysis. Shear 

tests at the maximum estimated placement water content are considered 

sufficient. 

943) 8 
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Figure 1. Compaction of shear test specimens of 
cohesive soils 
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(4) Strength test specimens of free-draining pervious soils should be 

compacted to densities corresponding to a relative density of 85 percent, 

which is the average acceptable relative density for field compaction. 

(5) All representative soil types in the borrow areas or from &her. 

sources should be tested. Composite samples of different soil types should 

not be used in test programs unless it can be demonstrated that the same 

proportion of the individual soils making up the test composites will be 

placed in the embankment in similar proportions, and should not be used 

where individual samples are more representative. 

(6) The maximum minor principal stress used in triaxial compression 

tests and the normal stress used in direct shear tests should result in 

normal stresses on failure planes comparable to those expected in the pro- 

posed embankment and/or foundation to obviate extrapolation of shear data 

in design analysis. 

(7) When results of triaxial compression tests are plotted in the form of 

Mohr circles, the strength envelope customarily is drawn tengent to the cir- 

cles. This procedure is correct when effective stresses are plQtted, but is 

slightly in error if total stresses for Q and R tests are plotted, as the 

strength envelope should pass through the points on Mohr circles corre- 

sponding to the normal stresses on failure planes. The error is considered 

unimportant for undisturbed soils because of the compensating effect of dis- 

turbance caused by sampling and testing. Therefore, for undisturbed soils 

the strength envelope should be drawn tangent to the Mohr circles. However, 

for compacted specimens, which are presumed to have negligible disturbance 

before testing, the strength envelopes should be drawn through points on the 

Mohr envelopes representing stresses on the failure plane, as illustrated in 

figure 2. 

(a) Q test. The shear strength resulting from a Q test corresponds to 

a constant water content condition. This means that water content change is 

not permitted either prior to or during shear. However, a volume decrease 

occurs in partially saturated samples as a result of compression of gas (air) 

947)(a) 10 
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Figure 2. Construction of failure envelopes 
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in the voids and from increased solution of gas in the pore water under test 

pressure. While strength envelopes for Q tests of fully saturated soils are 

generally represented by horizontal lines parallel to the abscissa of the 

strength diagram, envelopes for partially saturated soils have a curved por- 

tion in the low stress range. This curved portion of the envelope should be 

used, including the cohesion intercept, when the embankment stresses are in 

this low range. For purposes of design, the curved envelope may be re- 

placed with a series of straight lines approximately parallel to the curved 

envelope so that the cohesion intercept and friction angle can be determined 

for the various normal ranges (illustrated in fig. 2d). Q test conditions ap- 

proximate end-of-construction shear strengths of embankments consisting of 

impervious soils, or of impervious zones of zoned embankments. This test 

is also applicable to impervious foundation layers in which the consolidation 

rate is slow compared to the fill placement rate. In cases where a foundation 

soil exists that is unsaturated but will become saturated during construction, 

it ir advisable to saturate undisturbed specimens prior to axial loading in the 

Q test. 

(b) R test. The shear strength resulting from an R test is obtained 

by inducing complete saturation in specimens using back-pressure methods, 

consolidating these specimens under confining stresses that bracket esti- 

mated field conditions, and then shearing the specimens at constant water 

content. The pore pressures developed in the R test are only those due to 

shearing; pore pressures due to reservoir water must be also considered in 

the stability analysis. The test applies to conditions in which impervious or 

semipervious soils that have been fully consolidated under one set of 

stresses are subject to a stress change without time for consolidation to take 

place. ‘This test approximates the behavior, during sudden drawdown, of im- 

pervious embankment zones and of impervious foundation layers that have 

consolidated fully during the embankment construction period and swell 

under high reservoir conditions prior to sudden drawdown. This test is also 

used in analyzing upstream slopes during a partial pool condition and 

9d7) (b) 12 
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downstream slopes during steady seepage. 

(c) S test. The shear strength resulting from an S test is obtained by 

consol.idating a sample under an initial confining stress and applying shearing 

stresses slowly enough to permit excess pore water pressures to dissipate 
. 

under each loading increment. Results of S tests are applicable to (1) free- 

draining soils in which pore pressures do not develop, (2) evaluating shear 

strengths of embankment or foundation materials that tend to increase in 

volume during shear and in which excess pore water pressures due to in- 

complete consolidation have been measured or can be estimated, as dis- 

cussed in Appendix VIII, and (3) evaluating field shear strengths where pore 

water pressures have been measured and slope failures have occurred or 

are impending. 

b. Selection of Design Shear Strengths. (1) When selecting design 

shear strengths the shape of the stress-strain curves for individual soil 

tests should be considered. Where undisturbed foundation soils and com- 

pacted soils do not show a significant drop in shear or deviator stress after 

peak stresses are reached, the design shear strength can be chosen as (a) 

the peak shear stress in S direct shear tests, (b) the peak deviator stress, 

or (c) the deviator stress at 15 percent strain where the shear resistance in 

creases with increased strain. However, for sensitive foundation soils, the 

design strength should be intermediate between the peak undisturbed and re- 

molded strengths. While design shear strengths will generally correspond 

to either Q or R or S test conditions, intermediate strength values may be 

selected where appropriate. 

(2) For each embankment zone and foundation layer, design shear 

strengths should be selected such that two-thirds of the test values exceed 

the design values. In most cases, the design shear strength for the various 

zones and layers should always be greater than the lowest test value for the 

zones and layers being considered. However, design shear strengths lower 

than laboratory test values should be used when it is shown by field 

tests or other means that laboratory results are not consenratlve. 

13 9b(2) 
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(3) The shear strength can be estimated by interpolating between the en- 

velopes on the basis of the estimated degree of consolidation as illustrated in 

figure 3, where the degree of consolidation is expected to be intermediate 

between that in the Q and R tests. Care must be used in estimating the de- 

gree of consolidation, since an overestimate may result in unconservative 

design strength values. A careful consolidation testing program will be re- 

quired to assist in estimating the probable degree of consolidation. Where 

this procedure is used, provisions must be made .to measure and evall.late 

during construction the rate of consolidation, magnitude and dissipation of 

excess pore pressures, and field shear strengths. 

3 
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? 
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R ENVELOPE 
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DESIGN ENVELOPE FOR 
60% CONSOLlDATlON 
n$ q 12.. C =O.S TON/SO FT 

0 
0 I 2 3 4 5 

NORMAL STRESS, 0. TONS/SQ FT 

Figure 3. Estimation of strength values intermediate 
between Q and R strength values 

10. Methods of Stability Analysis. The methods of analyzing the stability 

of earth and rock-fill embankments that are outlined in the appendixes are 

simple adaptations of the circular arc and sliding wedge methods. The cir- 

cular arc method is generally more applicable for analyzing essentiall’y 

14 
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homogeneous earth dams and dams on thick deposits of fine-grained mate- 
..- 

rials, whereas the wedge method is generally more applicable to rock-fill 

dams on firm foundations and to earth dams on foundations containing one or 

more weak layers. In addition, the infinite slope method is used to some ex- 

tent to supplement the circular arc or wedge method. These methods pro- 

vide a uniform basis for evaluating alternative designs and may be supple- 

mented by other methods or alternative procedures at the discretion of the 

designer. The use of the modified Swedish method given in Appendix VI is 

optional. If desired, the forces on the vertical sides of slices may be 

ignored. 

11. Design Conditions for Analysis. An embankment and its foundation are 

subjected to shear stresses imposed by the weight-of the embankment and by 

pool fluctuations, seepage, or earthquake forces. The cases for which sta- 

bility analyses shall be performed are designated (I) end of construction, 

(II) sudden drawdown from maximum pool, (III) sudden drawdown from spill- 

way crest elevation, (IV) partial pool, (V) steady seepage with maximum 

storage pool, (VI) steady seepage with surcharge pool, and where applicable 

(VII) earthquake. Cases I and VII apply to both upstream and downstream 

slopes; Cases II, III, and IV apply to upstream slopes only; and Cases V and 

VI apply to downstream slopes. 

a. Case I: End of Construction. In an embankment composed par- 

tially or entirely of impervious soils placed at water contents higher than 

those corresponding to ultimate water contents after complete consolidation 

under the imposed loading, pore pressure will be induced because the soil 

cannot consolidate readily during the construction period. Where this is in- 

dicated, applicable shear strengths are determined from Q tests on speci- 

mens compacted to anticipated field placement water contents and densities. 

The Q shear strength is also applicable to impervious foundation layers that 

are too thick to consolidate significantly during construction. The use of Q 

shear strengths implies that pore water pressures occurring in laboratory 

tests satisfactorily approximate field pore water pressures. Except for 

15 
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thick, impervious foundation strata, the use of Q shear strength is usually 

conservative, since some consolidation will occur during construction. For 

overconsolidated soils, the average strength based on Q tests may be higher 

than that based on R tests. Therefore, swelling may reduce the shear 

strength, which should be considered in selecting design values. Where con- 

solidation during construction is significant, its effect can be estimated by 

performing stability analyses using strength values intermediate between 

Q and R as described in paragraph 9b. When an embankment is to be con- 

structed on clays having low Q strengths, evaluation of the time rate of 

consolidation characteristics may show that stage construction would re- 

sult in a significant gain in foundation strengths during the construction 

period and permit a more economical embankment design. For stage con- 

struction where excess pore water pressures are expected to develop in the 

foundation or embankment, piezometer observations should be used to re- 

evaluate stability during construction (Appendix VIII). Further, at the com- 

pletion of each stage, foundation samples must be tested to determine the 

actual change in shear strength due to consolidation caused by stage fill. 

b. Cases Il and III: Sudden Drawdown. Embankments may become 

saturated by seepage during prolonged high reservoir stages. If subse- 

quently the reservoir pool is drawn down faster than pore water can escape, 

excess pore water pressures and unbalanced seepage forces result. Shear 

strengths to be used in Cases II and III shall be based on the minimum of 

the combined R and S envelopes (fig. 4). In general,‘analyses for these 

cases are based on the conservative assumptions that (1) pore pressure dis- 

sipation does not occur during drawdown and (2) the water surface is lowered 

instantaneously from maximum pool (Case II) or spillway crest elevation 

(Case LII) to the minimum pool elevation. For embankments composed of 

impervious materials, the resisting friction forces should be determined 

using saturated or moist weights above the line of seepage at full pool and 

submerged weights below this level; d.riving forces should be determined 

using saturated weights above the lowered pool elevation, saturated weights 

Ilb 16 
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DESIGN ENVELOPE 

0 
0 1 2 3 4 5 

NORMAL STRESS, 0. TONS/SCJ FT 

Figure 4. Design envelope for Cases II and l.lI 

within the drawdown zone, and submerged weights below the drawdown zone 

(assuming a horizontal extension of the minimum pool level). Shear strengths 

of free-draining shell materials, which are defined as those in which drain- 

age of pore water can proceed concurrently with lowering of the pool or with 

only a minor time lag, are represented by S test conditions. Where sudden 

drawdown analyses control the design of the upstream slope and where this 

drawdown assumption appears to be excessively conservative, considering 

possible drawdown rates and the permeabilities of proposed embankment 

materials, analyses for relatively incompressible materials may be per- 

formed for expected drawdown rates and seepage forces determined from 

a flow net to evaluate effective normal stresses. Approximate criteria, 

given in Appendix III, for the lowering of the line of seepage may be used as 

a basis for constructing flow nets and determining seepage effects. The 

shear strength envelopes for these analyses should be the same as for sud- 

den drawdown analyses. 
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C. Case IV: Partial Pool. Analyses of the upstream slope for inter- 

mediate reservoir stages should assume that a condition 01 steady seepage 

has developed at these intermediate stages. The design shear strength of 

impervious soils should correspond to a strength envelope midway between 

the R and S test envelopes where the S strength is greater than the R 

strength and to the S envelope where the S strength is less than the R 

strength (fig. 5). The design shear strength of freely draining cohesionless 

soils should be the S test envelope. The demarcation between moist and 

submerged soils may be approximated by a horizontal line from the pool to 

the downstream limit of the impervious zone, thus eliminating the need for 

flow net construction. Stability analyses should be performed for several 

pool elevations, and the factors of safety plotted as a function of reservoir 

stage to determine the minimum safety factor. The analysis must account 

for reduction in effective normal stresses where pore water pressures 

0 1 2 3 4 

NORMAL STRESS, 0. TONS/SO FT 

Figure 5. Design envelope for Cases IV, V, and VI 
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developed during construction are not dissipated before a partial pool con- _ 
__-. 

dition can develop. 

d. Case V: Steady Seepage with Maximum Storage Pool. A condition 

of steady seepage from the maximum water storage level that can be main- 

tained sufficiently long to produce a condition of steady seepage throughout 

an embankment may be critical for downstream slope stability. A flow net 

should be constructed to determine the phreatic line and seepage forces when 

the assumption of a horizontal phreatic line in the impervious zone is overly 

conservative. Shear strengths used in Case V should be based on the same 

shear strength envelope used in Case XV, except for large downstream zones 

consisting of cohesionless materials that may be analyzed by the infinite 

slope method using the S strength envelope. The stability of upstream slopes 

need not be examined for this case. Where downstream slopes composed 

mainly of cohesionless soils rest on weak foundations, analyses by the in- 

finite slope method should be supplemented with analyses by the circular arc 

or wedge methods to determine if a failure plane through the foundation is 

more critical. 

e. Case VI: Steady Seepage with Surcharge Pool. The case where a 

steady seepage condition exists in an embankment and an additional hori- 

zontal thrust is imposed by a surcharge pool should also be examined for 

downstream slope stability. This condition is especially critical for rock- 

fill dams with narrow central cores. Shear strengths used should be the 

same as those used in Case V, and analyses should be by the wedge or 

circular arc method. The surcharge pool should be considered as a tempo- 

rary condition causing no saturation of impervious materials above the 

steady seepage saturation line. 

f. Case VLI: Earthquake. Much research is in progress on the be- 

havior of earth dams subjected to earthquake shocks, and new analytical 

methods for evaluating seismic effects are being developed. However, at 

present, the traditional approach is still recommended. This assumes that 

the earthquake imparts an additional horizontal force Fh acting in the 
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direction of potential failure. The arc or set of planes found to be 
critical without earthquake loading Is used with this added driving force 
to determine the factor of safety for Case VI. It is not necessary to 
study effects of earthquake loading in sudden drawdown stability 
analyses. The horizontal seismic force is equal to the mass involved 
times the horizontal acceleration, i.e. 

The total weight of the sliding soil mass W should be based on saturated 
unit weights below the saturation line and moist unit weights above the 
line. Selection of the seismic coefficient $ should be based on the 
degree of seismic activity in the region in whioh the dam is to be built. 

* The seismic coefficients for the various geographical areas are shown on 
figures 6 through 6c. In areas where earthquakes are likely, or for 
locations near active faults, the safety of dams should be increased by 
utilization of defensive design features regardless of the method or 
results of the earthquake analyses. ‘The defensive design features may 
include: (a) ample freeboard to allow for the loss of crest elevation 
due to subsidence, slumping or fault displacement; (b) wide transition 
sections of filter materials which are less vulnerable to cracking; (c) 
vertical or near-vertical drainage pones in the central portion of the 
embankment; (d) filter materials of rounded to subrounded gravels and 
sands ; (e) increased hydraulic conducti.v%ty of ,f&lter layers and vertical 
drainage zones or the inclusion of additional properly designed filter 
zones of higher conductivity; (f) wide impervious cores of plastic clay 
materials or of suitable, well-graded materials to help insure 
self-healing in the event cracking should occur; (g) stabilization of 
reservoir rim slopes to provide for dam safety against effects caused by 
slides into the reservoir; (h) crest details that will mLnimize erosion 
in the event of overtopping; (i) removal of foundation material that may 
be adversely affected by ground motion; (j) flaring embankment sections 
at abutment contacts; and (k) zoning of embankments to minimize 
saturation of materials. In some cases, stock-piling of filter material * 
may be desirable for use in emergency repairs. 

g- At-Rest Earth Pressure Analyses. (1) An at-rest earth pressure 
( K, > analysis is sometimes de as an independent check of the 
stability of an embankment. b This analysis is particularly applicable 
to earth and rockfill*dams with narrow central cores, and is performed to 
check analyses of Case I (end of construction) and Case V (steady 
seepage ) conditions. 

(2) For Case I and assuming that construction pore water pressures 
are negligible or have dissipated; the horizontal earth force acting on a 

llg(2) 
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vertica.1 plane through the crest is compared with the shear resistance along 
..- 

the dowlstrcarr. base of the embankment to determine the factor of safety 

using an equation ermilar to the following. 

CL+ Wptan+ 
F.S. - i z 

Z H YmKo 

The strengths would be the same as those used for other Case X analyses. 

The shear resistance terms in the equation above should be modified if a 

!owet shear resistance is obtained by shifting the sliding plane from the 

foundation into the embankment and/or by using the S strength at low norma! 

stresses. Lf pore water pressures are expected to exist at the end of con- 

struction, they should he estimated using methods such ss those described in 

Appendix VIII, and included in the computation of the horizontal force. This 

force should be based on a horizontal pressure diagram developed from the 

following equation. 

ph :- (zy, _’ u) K. + u 

The value for Ko is often taken as 0.5, although values greater than 0.S 

clay- be required for normally consolidated clays with an overconsolidation 

ratio of I (GZR. .= i! with d high plasticity index (PI).7 -4 relationehiy of X 
0 

&no 13 ior overconsolidation ratios of i and 2 is shown in figure 7. An ex- 

ample for cade I is given in figure 8. 

(3) -For Case ‘4, the water force from the maximum pool and submerged 

suil walghts dre used in computing the horizontal force and checking the 

factor of safety using an equation similar to the following. 

CL+ W tan+ 
F.S. = -- 

i 
z(Y,h; + Y’ H2Ko) 

The strengths shown in table I are used for Case V, and it is assumed that 

llg(3) 21 
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Table I 
Minimum Factors of Safety1 

Case 
No. 

I 

II 

III 

IV 

N 
ul 

V 

VI 

VII 

Design Condition 

Minimum 
Factor of 

Safety Shear Strength Remarks 

End of construction i.3tt 

Sudden drawdown from i*O$$ 
maximum pool 

Sudden drawdown from 1*2$$ 
spillway crest or top 
of gates 

Partial pool with 1.5 
steady seepage 

Steady seepage with 1.5 
maximum storage pool 

Steady seepage with 1.4 
surcharge pool I 

Earthquake (Cases I, 1.0 * 
IV, and V with 
seismic loading) 

Q or SS Upstream and downstream 
slopes 

R, S Upstream slope only. Use com- 
posite envelope. See fig. 4 

R, S Upstream slope only. Use com- 
posite envelope. See fig. 4 

R+S 
-for RCS, 

Upstream slope only. Use in- 
2 termediate envelope. See 

S for R > S fig. 5 

R+S - for R C S, 
Downstream slope only. Use 

2 intermediate envelope. See 

S for R > S fig. 5 

I Upstream and downstream 
siopes 

t Not applicable to embankments on clay shale foundations. 
tt For embankments over 50 ft high on relatively weak foundations use minimum 

factor of safety of 1.4. 
E! 

$ In zones where no excess pore water pressures are anticipated, use 
t-cr 

S strength. 
g: 

$.$ The safety factor should not be less than 1.5 when drawdown rate and pore water 
10 I 
ZN 

5 
pressures developed from flow nets (Appendix III) are used in stability analyses. .I 

Use shear strength for case analyzed without earthquake except that it is not 5;s 

necessary to analyze sudden dravdown for earthquake effects. so N 

I 
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the core has an overconsolidation ratio of 2 (since weights have changed 

from moist to submerged values) in selecting a value for K. from figure 7. 

An example for Case V is given in figure 8. 

12. Factors of Safety. Appropriate values of computed safety factor-s de- 

pend on the (a) design condition being analyzed, (b) estimated reliability of 

shear strength design values, (c) embankment height, (d) presence of struc- 

tures within the embankment, (e) thoroughness of investigations, (f) stress- 

strain characteristics and compatibility of embankment and foundation ma- 

terials, (g) probable quality of construction control, and (h) judgment based 

on past experience with earth and rock-fill dams. In the final analysis, the 

consequences of a failure with respect to human life, property damage, and 

impairment of functions are important considerations in establishing ac- 

ceptable factors of safety for specific projects. Table I lists minimum 

safety factors required for the various design conditions, the portions of the 

dam for which analyses are required, and applicable types of shear tests. 

Methods of stability analyses described in the appendixes are the modified 

Swedish (normally considering circular arc surfaces) method with several 

alternative procedures, the wedge method, and the infinite slope method. 

The factor of safety is based on developed shear strength SD where 

Trial fac.rs of safety are tried until a condition of limiting equilibrium is 

reached. In the infinite slope method, the factor of safety is related directly 

to the frictional shearing resistance and slope inclination. Due to differences 

in basic assumptions , comparisons of relative factors of safety should be 

made with caution. For example, factors of safety determined by the cir- 

cular arc method for plastic soils are not directly comparable in degree of 

safety to those determined by infinite slope computations for granular 

materials. 

13. Presentation in Design Memoranda. Uniformity in presenting results 

26 
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of stability analyses and supporting data facilitates review of design memo- .... 

randa. Analyses should generally conform in scope to those given in the 

appendixes. Each analysis should include the following data: 

a. A cross section of the embankment and foundation being analyzed 

showing the assumed failure surface for the lowest factor of safety obtained 

for the condition analyzed, applicable flow net construction or lines of satu- 

ration, zones or strata corresponding to the shear strength values used, and 

graphical delineation of all forces and reactions. Separate cross sections 

should be included as necessary to indicate thoroughness of analyses. All 

centers of circles with factors of safety and circle radii should be shown on 

these sections. The locations of the trial failure surfaces analyzed, either 

circular arc or wedge, and the safety factors found in addition to those for 

the critical surface will be presented in sufficient number to demonstrate 

the extent of the stability analyses performed. 

b. A tabulation of shear strength values, together with unit weights for 

each .of the materials comprising the embankment and foundation. Correla- 

tions of foundation shear strength with Atterberg limits, graphical sum- 

maries of shear strength envelopes, presentations of foundation and borrow 

material Atterberg limits on plasticity charts, and similar correlations are 

valuable aids to reviews and should be presented. 

c. A tabulation of the computations for the critical arc or wedge. 

d. A brief discussion of the rate of reservoir rise, the duration of full 

pool, and rate of drawdown as a basis for sudden drawdown computations or 

for a slow rate of drawdown that may apply to an ungated flood control 

embankment. 

e. Presentation of, design shear strength data and composite or inter- 

mediate S and R strength envelopes, as shown in figures 3 and 4. Presen- 

tation of shear strength test data for representative samples is required to 

support the selection of these design shear strengths. 

f. Proposed instrumentation to be installed. Complete information on 

instrumentation should be included in accordance with guidance contained in 
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Civil Works Engineer Letter 65-7 (ref 9). 

14. TUse of Electronic Computers. The use of electronic computers is rec- 

ommended to (a) reduce computational effort, (b) evaluate effects of possible 

variations in material properties, and (c) investigate alternative embankment 

sections and zoning. To obtain valid solutions, the computer program used 

must be capable of evaluating all significant boundary conditions. Computer 

solutions must be reviewed to establish that the critical circle or set of 

planes found have not been limited by the computer program employed. 

Under some conditions, computer programs may search out the critical 

circle or set of planes in only one of two or more potential failure areas. 

The analyses presented in the design memoranda should include the location, 

radius, and safety factor for a sufficient number of trial surfaces to verify 

that the critical circle or set of planes has been obtained. Computer solu- 

tions must also be verified to ensure that computer programs used are com- 

patible with design procedures and criteria presented herein. Consequently, 

an analysis by manual procedures must be made to check the critical circle 

or set of planes found by the computer for each design condition. The 

manual computations must be presented in the design memoranda so that an 

independent check can be made, if desired, of all critical circles or sets of 

planes. 
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FOR THE CHIEF OF ENGINEERS: 

8 Appendixes RICHARD F. McADOO 
Appendix I - References Colonel, Corps of Engineers 
Appendix II - Notation Executive 
Appendix III - Estimating Seepage 

During Reservoir 
Drawdown 

Appendix IV - Procedures for 
Determination of 
Embankment Slopes 

Appendix V - Infinite Slope Analysis 
for Cohesionless Soils 

Appendix VI - Modified Swedish 
Method of Analysis 
Using Slice Procedure 

Appendix VII - Wedge Analysis 
Appendix VIII - Evaluation of Embank- 

ment Stability During 
Cons true tion 
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